Sequence variations in the mitochondrial cytochrome-b (Cytb) gene and the sex-determining gene of Y chromosome (Sry), which show maternal and paternal inheritance, respectively, were examined in 2 species of Japanese voles of the genus Eothenomys (Arvicolinae), E. andersoni and E. smithii, to elucidate phylogenies within and between species. Considerable intraspecific variation in Cytb was observed in both species, with clear geographic affinities, northeastern and central Honshu, Kii Peninsula of Honshu, Shikoku, and Kyushu (Japan), suggesting fairly ancient colonization in geographic areas. Genealogy of Cytb, however, was complicated and clearly discordant with current taxonomy. For example, the Kii Peninsula population of E. andersoni and the Shikoku population of E. smithii had unique haplotypes that differed from those of the remaining populations of both species. Sry gene variation, in contrast, was species specific and was polymorphic in E. andersoni with substantial geographic distribution, but it was monomorphic in E. smithii, suggesting a recent geographic expansion of E. smithii eastward. We attribute the complicated population genetics to topographic complexity of the Japanese islands and suggest that rearrangement of species was associated with climatic changes during the Quaternary glaciation on the basis of an assumption of divergence time among several murine rodents.
Resolving evolutionary relationships and assigning taxonomic status at the species and subspecies levels are often difficult in mammals, especially for small mammals, such as rodents and insectivores (Corbet 1978; Corbet and Hill 1991; Musser and Carleton 1993) . Even in taxa that have been extensively examined using morphological, biogeographic, and cytogenetic approaches, systematics of small mammals often remain uncertain. Molecular phylogenetic approaches have been used in many species groups (Avise 1991) to address taxonomic problems, partly because of their convenience and reproducibility. The application * Correspondent: iwasam@vetmed.hokudai.ac.jp of molecular data to taxonomic revision, however, often causes new conflict between traditional and molecular phylogenetic views. Thus, it is often necessary to seek appropriate ways to reconcile these alternative views.
Systematics of Japanese red-backed voles (Rodentia, Arvicolinae), which inhabit Honshu, Shikoku, and Kyushu islands (Japan), are unclear. These voles have been categorized in various ways: under several genera, such as Eothenomys (Corbet and Hill 1991) or Phaulomys (Musser and Carleton 1993) , and into differing numbers of species (from 2 to 5-Japan Environment Agency 1993; Murakami and Kaneko 1997) . It is postulated that at least 2 inde- pendent species of voles are present, represented by Anderson's red-backed vole, E. andersoni, and Smith's red-backed vole, E. smithii, because of their substantial morphological differences (Kaneko et al. 1992; Kimura et al. 1994 Kimura et al. , 1999 and their sympatric distribution in central Honshu. The major conflict surrounding the taxonomy of the Japanese red-backed voles concerns the position of several geographic populations that exhibit local-specific morphological variation. Populations of E. andersoni from northeastern Honshu, central Honshu, and the southern part of Kii Peninsula of Honshu are sometimes treated as distinct species (E. andersoni, E. niigatae, and E. imaizumii, respectively-Imaizumi 1960; Jameson 1961; Japan Environment Agency 1993) . Similarly, central and eastern populations of E. smithii are sometimes recognized as a separate species, E. kageus, distinct from the remaining populations of E. smithii (Imaizumi 1957 (Imaizumi , 1960 ; Japan Environment Agency 1993). Despite many studies, including those based on morphology, genetics, cytogenetics, developmental biology, and paleontology (Imaizumi 1960; Iwasa 2000; Iwasa and Tsuchiya 2000; Iwasa et al. 1999; Kaneko et al. 1992; Kawamura 1988; Kitahara 1995a Kitahara , 1995b Kitahara and Kimura 1995; Tsuchiya 1981) , the taxonomic status of the Japanese redbacked voles has not been clearly resolved (Japan Environment Agency 1993; Murakami and Kaneko 1997) .
We recently conducted a molecular phylogenetic analysis of Japanese red-backed voles using 2 DNA markers, partial sequences of the mitochondrial cytochrome-b (Cytb) gene (402 base pairs), and restriction-site data from the nuclear ribosomal RNA gene (rDNA; Suzuki et al. 1999) . The evolutionary history of Eothenomys appears to be quite complicated, and we were unable to recover a detailed evolutionary history from these molecular data (Suzuki et al. 1999) . In particular, genealogy of the Cytb gene is far from what was initially expected on the basis of traditional taxonomy.
For example, a haplotype of the maternally inherited gene of E. smithii from Shikoku is distinct from all other haplotypes of E. smithii examined from other parts of the geographic distribution of the species (Suzuki et al. 1999) .
In this study we reconstructed maternal lineages within Eothenomys by sequencing the complete Cytb gene (1,140 base pairs, excluding the stop codon) from a larger number of individuals and from more localities. To trace paternal lineages we analyzed sequences of regions flanking the sexdetermining gene (Sry), which is a Y-chromosome-specific DNA marker (Nagamine et al. 1994) . Considering the available data, including our recent knowledge on chromosomal variation, particularly for sex chromosomes Tsuchiya 1981) , our goal was to obtain a comprehensive view of the phylogenetic relationships involving the 2 Japanese voles of the genus Eothenomys.
MATERIALS AND METHODS
We sampled 45 animals of E. andersoni (n ϭ 31) and E. smithii (n ϭ 14) from 18 localities ( Fig. 1 ; Appendix I). Taxonomic identification was made by measuring morphological characters, such as relationship between hind foot length and length of tail vertebrae (Imaizumi 1960 (Imaizumi , 1979 Kaneko 1994; Kaneko et al. 1992; Kimura et al. 1994 Kimura et al. , 1999 . Because the taxonomic history of these species has been unstable (Iwasa 2000) , we use here the terms ''andersoni complex,'' for voles belonging to 3 valid species-andersoni from northeastern Honshu, niigatae from central Honshu, and imaizumii from the southern part of Kii Peninsula, and ''smithii complex,'' for voles belonging to 2 valid species-kageus from eastern Honshu and smithii from western Honshu, Shikoku, and Kyushu. Total DNA was extracted from liver tissue by proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation (Maniatis et al. 1982) .
Amplification of the complete mitochondrial Cytb gene, excluding the stop codon, was performed with universal primers (L14724 and H15915- Irwin et al. 1991) for primary polymerase chain reaction (PCR), followed by a secondary PCR amplification with nested primers (L14724, L15135, L15561, H15155, H15599, and H15919- ) that were designed for voles. Reactions were carried out for 35 cycles, with each cycle consisting of 30 s at 96ЊC for denaturation, 30 s at 50ЊC for annealing, and 30 s at 60ЊC for extension. Reaction mixtures (20 l) contained 50 M deoxynucleoside triphosphates, 10 mM Tris-HCl, 50 mM KCl, 2.5 mM MgCl 2 (1.25 mM for the 2nd PCR), 50 nM primers, and 0.5 units of AmpliTaq polymerase (Applied Biosystems, Foster City, California). Cycle-sequencing reactions of each nested PCR product were performed according to the protocol of the Dye Primer Cycle Sequencing Kit (Applied Biosystems). Both DNA strands were directly sequenced using an automated sequencer (Applied Biosystems 373A).
Primary PCR amplification of Sry was carried out with primers SRY286 and HMG777 (Sinclair et al. 1990; Suzuki et al. 1997 ) under the same conditions as those used for the Cytb gene. Nested PCR was carried out with the primer set SRY306 and HMG597 Sinclair et al. 1990; Suzuki et al. 1997) , with the 1st PCR product used as a template. This amplified fragments that were approximately 350 base pairs in length. Conditions for the 2nd PCR were 35 cycles, each consisting of 30 s at 96ЊC for denaturation, 30 s at 62ЊC for annealing, and 30 s at 72ЊC for extension. Nested PCR products were directly sequenced as described previously for Cytb. Sry sequences were aligned manually and compared at the highly repetitive regions within Eothenomys. These Sry gene data were not included in our phylogenetic analysis because of the high amount of variation in insertions and deletions .
We constructed a neighbor-joining tree (Saitou and Nei 1987) with Cytb sequences, on the basis of Kimura 2-parameter distances (Kimura 1980) , which consider transitions and transversions at all codon positions. Bootstrap analysis was performed (1,000 replicates) with a 50% majority rule, using the PAUP* 4.0b program package (Swofford 1998) .
A maximum-likelihood tree (Felsenstein 1981) was also constructed by the quartet-puzzling method (10,000 puzzling steps), using the program Tree-Puzzle ver. 5.0 (Strimmer and von Haeseler 1996) . Maximum-likelihood analysis was performed using the algorithm of Hasegawa et al. (1985) with unequal base frequencies and a discrete approximation to the gamma distribution. Transition-transversion ratio, fractions of invariable sites (), and shape parameter (␣) were estimated according to the model. The mixed model of heterogeneity rate (1 invariable rate ϩ 8 gamma-distribution rates) was executed for the program (Strimmer and von Haeseler 1996; Yang 1996) . To assess confidence limits, we used quartet-puzzling scores (Strimmer and von Haeseler 1996; Strimmer et al. 1997) for the maximum-likelihood tree.
We assumed that time of phylogenetic divergence of Eothenomys should approximate the most recent split in vole taxa. Thus, we estimated the relative divergence time of mitochondrial DNA lineages using maximum-likelihood distances intra-and interspecifically Cook 2000a, 2000b) . We considered saturation bias in the Cytb gene found among subfamilies Arvicolinae and Murinae, and we showed a relationship of maximum-likelihood distances against transitions and transversions across all codon positions among rodents, on the basis of splits between Rattus and Mus (14 ϫ 10 6 years ago) and Rattus and Diplothrix (4 ϫ 10 6 years ago-Conroy and Cook 2000a; Jacobs and Downs 1994; Robinson et al. 1997; Springer et al. 1997; Suzuki et al. 2000) . We evaluated heterogeneity to estimate divergence time relative to the relationship between Arvicolinae and Murinae (in millions of years ago) in order to reduce the chance of error in estimating the molecular clock.
Of the 3 species of Japanese red-backed voles, Clethrionomys rufocanus and C. rex are phylogenetically closer to Eothenomys (Iwasa 1998; FIG. 2.-A) Neighbor-joining tree for Eothenomys from Japan, based on Kimura 2-parameter corrected sequence divergences of the complete sequence of the mitochondrial cytochrome-b (Cytb) gene (1,140 base pairs excluding the stop codon), considering all substitutions at all codon positions. Bootstrap values related to the nodes are indicated (1,000 replicates). B) Maximum-likelihood tree of mitochondrial Cytb gene sequences (1,140 base pairs excluding the stop codon) in Eothenomys from Japan. Percentage of quartet-puzzling scores (10,000 steps) are indicated to assign confidence of nodes. Sources of the haplotypes and individual numbers in both trees are listed in Appendix I. Site information is given in Fig. 1 and Appendix I. Suzuki et al. 1999 ) and were used as out-groups in both trees (Appendix I; Iwasa et al. , 2002 . Red-backed voles are divided into 2 groups, glareolus cytotype and rufocanus cytotype, on the basis of their G-band patterns (Gamperl 1982; Modi and Gamperl 1989) . The glareolus cytotype includes C. rutilus, and the rufocanus cytotype includes the other redbacked vole species in Japan, implying possible nonmonophyly of Clethrionomys and Eothenomys.
The DNA sequence data generated in this study are placed in the GenBank/EMBL/DDBJ nucleotide-sequence databases with the following accession numbers: AB037281-AB037316 (Cytb) and AB037317-AB037323 (Sry).
RESULTS
Mitochondrial Cytb gene.-We determined Cytb sequences (1,140 base pairs excluding the stop codon) of 42 Japanese Eothenomys (Appendix I) and constructed neighbor-joining and maximum-likelihood trees (Fig. 2) . Nucleotide compositions of all sequences were significantly identical to the average base composition of the whole alignment according to the model obtained by maximum-likelihood calculation (P Ͻ 0.05; chi-square tests for homogeneity). In addition, a relatively lower unresolved quartet value (10.2%) was obtained in this study, which suggests that our data set is suitable for the present phylogenetic analysis. The tree inferred without assuming a molecular clock was slightly significant (ln L ϭ Ϫ3622.35, P Ͻ 0.05) compared with the clock-like tree (ln L ϭ Ϫ3652.24, P Ͻ 0.05), but the clock-like tree was also acceptable according to the molecular clocklikelihood test (Kishino and Hasegawa 1990) .
Several distinct clades were inferred
Cytb , and niigataeimaizumii Cytb ; Fig. 2 ) that showed a good correlation in terms of geographic proximity but not in terms of the existing taxonomy. The clade smithii Cytb , which represents individuals from Shikoku, was distinct from the remaining clades, including kageussmithii Cytb , which represents the remaining haplotypes of the smithii complex, and this is in agreement with the results of Suzuki et al. (1999) . These 2 major mitochondrial DNA lineages, as well as those of 2 species of Clethrionomys, C. rufocanus and C. rex, appeared to have diverged relatively anciently, probably within a relatively short period of evolutionary time, judging from the short-length branches that connect the internal nodes in the neighbor-joining tree ( Fig. 2A) .
The Cytb haplotypes of the andersoni complex are represented by 3 clades: imaizumii Cytb , andersoni-niigatae Cytb (andersoni and the eastern part of niigatae), and niigatae-imaizumii Cytb (the western part of niigatae and imaizumii), each of which showed geographic affinity. It was intriguing that distinct types of imaizumii Cytb and niigatae-imaizumii Cytb were collected from the same localities in the southern part of Kii Peninsula (Appendix I). Additionally, there were apparent paraphyletic mitochondrial DNA relationships of the andersoni complex relative to the kageus-smithii Cytb lineage (Fig. 2) (Fig. 2A) . The andersoni and smithii complexes would have been regarded as a single, monophyletic group, if it were not for the smithii Cytb clade, which has confused the phylogenetic relationships (Fig. 2) .
Examination and more extensive sampling of intraclade subdivision in mitochondrial DNA phylogenetic trees would provide additional insight into the genetic structure and historical events in each geographic population. For example, haplotypes of kageus formed a subclade in the neighbor-joining and maximum-likelihood trees with relatively low bootstrap and puzzling score supports (Fig. 2) .
Comparisons of interspecific variation of Eothenomys showed that transitions were more frequent than transversions at each codon position (Fig. 3) . In addition, both kinds of substitutions were observed more frequently at 3rd positions (Fig. 3) . The transitional substitutions were likely to increase linearly even when compared with deep lineages (higher taxa). Furthermore, we compared both substitutions in Eothenomys voles with those in other arvicoline voles (Clethrionomys and Microtus) and murine rodents on the basis of pairwise distances (Fig. 4) . Divergence times were then estimated from the known separation times of Rattus-Mus and Rattus-Diplothrix (Fig.  4) . All transitional substitutions appeared to be saturated at higher taxon levels, including subfamilies and families (Fig. 4) . In contrast, transversional substitutions did not show saturation at higher taxon levels. When both substitution differences and divergence times assumed here are considered, it is suggested that mitochondrial , and within Murinae (filled circles). Sequence data for Microtus are according to Conroy and Cook (2000a) and those for murines according to Suzuki et al. (2000) . Curves approximate saturation-bias states of both substitutions among all data. Estimated divergence times are calibrated using Rattus-Mus split (14 ϫ 10 6 years ago) and Diplothrix-Rattus split (4 ϫ 10 6 years ago) as standards (Jacobs and Downs 1994; Robinson et al. 1997; Springer et al. 1997; Suzuki et al. 2000) .
DNA divergences in species of Eothenomys may have occurred within the last 2 ϫ 10 6 years (Fig. 4) .
Y chromosomal Sry gene.-We examined the Sry gene region in 16 males from the andersoni complex and detected 5 distinct haplotypes exhibiting sequence and size variation (Appendix I). Sry sequences of both complexes contained a repetitive and variable region (TG(TC) n ) in the central part, resulting in a change in sequence length from 328 to 356 base pairs. Minimal variation with a single-nucleotide substitution was observed among niigatae individuals from the western part of central Honshu, although we treated these sequences as niigatae-imaizumii Sry haplotypes (Fig. 5) . We found no variation in the Sry gene region within the smithii complex, in which a unique type of kageus-smithii Sry was recovered from 6 males from Shikoku and Honshu (Fig. 5) .
In contrast, the andersoni complex had different Sry haplotypes with apparent geographic affinity (Fig. 5) . Surprisingly, the Kii Peninsula population possessed 3 Sry haplotypes (imaizumii-1 Sry , imaizumii-2 Sry , and niigatae-imaizumii Sry ), whereas other populations of northeastern and central Honshu were found to be monotypic with respect to andersoni and niigatae, respectively (Fig. 5) . As with Cytb data, imaizumii showed a certain affinity with the western niigatae, sharing the same type, niigataeimaizumii Sry . In contrast, eastern niigatae were more closely related to andersoni in Sry haplotypes, with a slight difference in the repeat numbers of TG(TC) 2 .
DISCUSSION
The available molecular phylogenetic data suggest that the andersoni complex comprises several populations that have local-specific combinations of genetic elements (Iwasa and Tsuchiya 2000; Tsuchiya 1981 ). These findings generally, but not completely, support the predictions of Imaizumi's classification (Imaizumi 1960; Japan Environment Agency 1993) : andersoni, niigatae, and imaizumii are from northeastern Honshu, central Honshu, and the southern part of Kii Peninsula, respectively (Appendix I). This grouping system for andersoni and imaizumii is supported by other genetic data, including our Cytb and Sry gene sequences. In contrast, niigatae can be divided into eastern and western populations, which are represented by populations from Nikko (eastern niigatae) and Mt. Yatsugatake (western niigatae), respectively. These populations of niigatae were distinct, but the eastern population showed genetic similarity with andersoni and the western population with imaizumii (Fig. 2) . Thus, the andersoni complex can be divided into either 2 geographic populations (andersoniniigatae and niigatae-imaizumii) or 4 (andersoni, eastern niigatae, western niigatae, and imaizumii; Fig. 6 ).
The geographic affinity of Sry haplotypes in the andersoni complex is correlated with morphological variation in the Y chromosome (Iwasa 1998; Iwasa and Tsuchiya 2000; Iwasa et al. 1999; Tsuchiya 1981) . It has been reported that the 3 morphological variants in the Y chromosome could represent andersoni (small metacentric Y), western niigatae (small acrocentric Y), and imaizumii (small submetacentric Y- Iwasa and Tsuchiya 2000; Tsuchiya 1981) . As in andersoni, the Y chromosome is also metacentric in eastern niigatae, which is represented by the Nikko population (Hsu and Benirschke 1974) . These data are concordant with our data showing affinities between andersoni and eastern niigatae (Fig.  6) .
One of our prominent findings is the coexistence of distinct haplotypes of Cytb (imaizumii Cytb , niigatae-imaizumii Cytb ) and Sry (imaizumii-1 Sry , imaizumii-2 Sry , niigatae-imaizumii Sry ) genes in the southern part of Kii Peninsula, despite imaizumii inhabiting that area allopatrically from the other member of the andersoni complex (Figs. 1  and 6 ). One genetic marker is likely endemic to the imaizumii population, whereas another shows an affinity with the neighboring population of western niigatae. For example, western niigatae and imaizumii share the same Sry haplotypes, niigataeimaizumii Sry (Figs. 5 and 6 ). The possibility that 2 independent species coexist in this area can be excluded because there is no specific association between the 2 haplotypes (Appendix I). Therefore, the coexistence of such distinct genetic elements in this area reflects historical events such as gene flow between neighboring populations.
Contrary to the variation present within the andersoni complex, the smithii complex showed a low level of intraspecific variation in both mitochondrial DNA and nuclear DNA data sets, with the exception of Cytb gene haplotypes of the smithii Cytb cluster, which showed large sequence divergences (0.0730-0.0871, Kimura's distance) compared with those of other lineages of both complexes (Fig. 2) and also of related species, C. rufocanus and C. rex from northeastern Asia . Other markers do not support this distinctness of smithii Cytb in mitochondrial DNA data, including cytogenetic criteria (Iwasa 1998; Iwasa and Tsuchiya 2000; Iwasa et al. 1999 Tsuchiya 1981 ) and data from the Sry gene. Therefore, the distinctness of smithii Cytb can be explained by 2 alternative hypotheses: the haplotype reflects an ancient polymorphism of mitochondrial DNA in Japanese voles, which has persisted irrespective of the presence of gene flow in the nuclear genome (''founder event ''; Mayr 1963; Harrison 1989) , or the mitochondrial DNA haplotype was introduced through interspecies genetic exchanges with a hypothetical continental species of voles that remain unsampled or are extinct.
The haplotype group kageus-smithii Cytb can be divided into 3 or 4 distinct sublineages (Fig. 2) . At this time, however, we cannot conclude whether substantial geographic differentiation has occurred in the nuclear DNA in the smithii complex. The Sry gene sequence analysis provided no ev-idence of intraspecific subdivision (Figs. 2 and 6). However, this is not consistent with the cytogenetic data for the Y chromosome, including morphology, size, and heterochromatinization (Tsuchiya 1981) . Y chromosomes of the smithii complex are larger than those of the andersoni complex (Tsuchiya 1981) and exhibit region-specific differentiation with respect to size: smaller in smithii and larger in kageus (Ando et al. 1988) . The latter form corresponds to the morphological form of kageus. This suggests that the smithii complex has been subjected to geographic differentiation to some extent, but the level of differentiation is smaller than that observed in the andersoni complex. This can be explained either by recent expansion of the smithii complex over a large geographic area of Japan or by minimal topographic barriers that prevent gene flow in the territory of this complex. Available data indicate that the evolutionary course of these populations is puzzling and highly complicated. Such complicated patterns could be the consequence of a long-term evolutionary process taking place during the last 2 ϫ 10 6 years ( Fig. 4) , as judged from the high level of sequence divergence in mitochondrial DNA and from using the known divergence times between Rattus-Mus and Rattus-Diplothrix (Irwin et al. 1991; Jacobs and Downs 1994; Robinson et al. 1997; Springer et al. 1997; Suzuki et al. 2000) . Then, during late Pleistocene, ancestral populations may have undergone additional subdivision into localized populations, perhaps with gene flow between the local populations, possibly related to climatic change.
Another important aspect for understanding the complicated evolutionary history of Japanese voles is their ecology, especially in Honshu, a large island with latitudinal and topographic diversity. The andersoni complex is thought to be adapted to colder climates, particularly eastern and western niigatae, which inhabit the alpine areas of central Honshu at high altitudes (Kaneko et al. 1992; Kimura et al. 1994 Kimura et al. , 1999 ). In contrast, the smithii complex seems to be adapted to warmer climatic conditions and inhabits lower-altitude areas, where it occurs parapatrically with the andersoni complex (Kaneko et al. 1992; Kimura et al. 1994 Kimura et al. , 1999 . It has been suggested that boundaries for these species are dependent on climatic conditions and species competition (Kaneko et al. 1992; Kimura et al. 1994 Kimura et al. , 1999 Shimizu 1987) . This hypothesis suggests that historical distributions can shift north or south according to geological climatic changes ) and can probably explain the complicated genetic distributions in imaizumii and niigatae.
The imaizumii population is confined to Kii Peninsula and is now isolated from other populations of the andersoni complex, but it is surrounded by the smithii complex. In imaizumii there are 2 different haplotypes of Cytb and Sry, which are substantially closer to those of western niigatae (Fig. 6 ). This suggests that these 2 geographic populations of imaizumii and niigatae exchanged gene elements through geographic re-expansion of the andersoni complex during glacial periods. The biogeographic suggestion that the andersoni complex was once distributed widely over Honshu in the glacial periods and that the present imaizumii is a relic population of the andersoni complex is consistent with earlier predictions by cytogenetic and morphological studies (Iwasa 2000; Iwasa et al. 1999; Miyao et al. 1964; Tsuchiya 1981) . Accordingly, when the climate became warmer during interglacial periods, the smithii complex likely expanded its distribution to the northern districts of Honshu, whereas the andersoni complex retreated to northern areas and alpine regions. Recent expansion of the smithii complex can be assessed by the low levels of genetic divergence found in Cytb and Sry genes among the populations of Honshu, as mentioned earlier (Fig.  2) . Such distributional changes in the 2 species would have been repeated throughout the Quaternary and resulted in the complicated genetic distribution seen in voles from Kii Peninsula. Interestingly, the possible occurrence of introgressive hybridization between both complexes is based on intermediate-type skull characteristics in E. andersoni specimens from central Honshu (Iwasa 2000) .
The high levels of genetic diversity and the complicated geographic patterns in Cytb and Sry genes in the andersoni complex from northeastern Honshu can be explained in the same way (Fig. 6) . As mentioned earlier, niigatae can be divided into 2 populations with different haplotypes (Fig. 2) . In addition, it has been suggested that chromosomal variation is greater in the andersoni complex from northeastern and central Honshu (Iwasa and Tsuchiya 2000) . Populations of niigatae that inhabit higher altitudes are assumed to be isolated from other areas, whereas the smithii complex expanded over lower-altitude areas during warmer climatic periods (Iwasa and Tsuchiya 2000; Iwasa et al. 1999) .
In this study, by using 2 genetic markers with different inheritance modes, we were able to understand better the historical relationships within and between the 2 Japanese vole complexes. It is evident that mitochondrial DNA genealogy is extensively skewed and that spatial patterns of Sry are somewhat unusual (the case of imaizumii; Figs. 2 and 6 ). Nevertheless, our data provide vivid evidence of the actual evolutionary dynamics of red-backed voles that inhabit Japanese islands with their considerable topographic complexity. The complicated spatial patterns in both genes (Fig. 6 ) might have resulted from periodic movements, both northward and southward, during the Quaternary glaciations, in E. andersoni and E. smithii complexes with their different climatic preferences. Although our evolutionary view is a hypothetical one, it could be tested with other genetic markers in the future and could potentially provide new insights into processes of speciation and genetic diversity, as well as clues to solve the complicated taxonomy of Japanese red-backed voles.
